An extreme heat wave hit western Russia in the summer of 2010. To investigate the contribution of anthropogenic climate change to this event, 100-member ensembles of atmospheric general circulation model (AGCM) experiments, with and without possible human-induced changes in sea surface temperature (SST) and sea ice, were generated. The AGCM can reproduce monthly surface air temperature (SAT) anomalies for the past 30 years over the continental area, indicating a significant influence of the anomalous boundary conditions on the surface climate variability. While the ensemble average does not capture the extremely high SAT anomaly over western Russia observed in August 2010, the ensemble covers the anomaly with the probability of occurrence at 3.3%. Without the anthropogenic change in SST and sea ice, the ensemble fails to capture the observed SAT anomaly, reducing the probability of occurrence to 0.6%. The atmospheric response to the tropical precipitation change associated with anthropogenic SST increase leads to warming over Eurasia through northward temperature advection, consistent with the observed upward SAT trend. Drying of the land surface in spring may also have favored the summer warming over western Russia. 
Introduction
Recently accumulated observational data reveal that the global climate has been changing during the past decades, and warming of the Earth's surface is unequivocal (Meehl et al. 2007 ). Many studies have so far been carried out to detect the climate change signals and attribute them to anthropogenic forcing (Stott et al. 2010 , and references therein). Typically, attribution is based on a climate model forced separately by individual forcing agents such as anthropogenic greenhouse gasses (GHGs), solar activity, and volcanic eruptions. Given the degree to which the climate response with each of the forcing additives reproduces the total response, human influence on a particular climate variable is evaluated, for example, by comparing the total response and the response to GHGs only (Shiogama et al. 2012) .
In a climatological sense, several aspects of the climate change, not only surface temperature but also precipitation and tropospheric temperature, among others, have been attributed to anthropogenic forcing (e.g., Gillett et al. 2003; Santer et al. 2003; Zhang et al. 2007 ). Many of them focused on the global scale and/or long-term changes because the signal-to-noise ratio is increased on larger spatial scales and/or longer mean times, and also because the regional attribution is harder due to model errors on that smaller spatial scale. Likewise, the human influence on changes in extremes has been discussed in terms of the long-term statistics but not for particular weather events (Hegerl et al. 2004; Sugiyama et al. 2010; Min et al. 2011) .
Recently, it has been proposed that the synergy between climate diagnosis and attribution studies together can address the relationship of the occurrence of individual weather events, especially those having extreme anomalous magnitude and often a large impact on society, to anthropogenic forcing (Peterson et al. 2012) . While any chaotic system such as atmospheric circulation can give rise to extremes without a change in external forcing, the probability of their occurrence in a particular regime may be modulated when the external forcing is varied (Palmer 1999) . Using a large ensemble of climate model simulations, Stott et al. (2004) estimated that human activities at least doubled the risk of the occurrence of the European heat wave of 2003. Similar attribution has been attempted for the European cold winter of 2010 (Cattiaux et al. 2010) , hot summer of 2010 (Barriopedro et al. 2011) , and a severe flood over England in 2000 (Pall et al. 2011 ); the aforementioned studies all detected a human influence on the events in a probabilistic sense.
One of these events, controversial in its attribution, is the heat wave in the summer of 2010 over western Russia, for which the causes are greatly debated. The Russian heat wave was extreme in its magnitude, exceeding 40°C, and its duration, from July to mid-August in 2010. It was accompanied by a strong blocking aloft, which acted to maintain the heat wave by inducing adiabatic descent, reducing clouds, and advecting warm air from the south (Matsueda 2011) . Based on a 50-member ensemble of an AGCM experiment, Dole et al. (2011) concluded that the Russian heat wave was generated mainly as a result of natural variability, although the occurrence frequency for such an intense heat wave will increase in a warmed climate. In contrast, Rahmstorf and Coumou (2011) emphasized a relation of the regional extreme hot/ cold events to large-scale warming over the past decades and that the anthropogenic effect modified the probability distribution of such extreme temperature anomalies, arguing "80% probability that the 2010 July heat record would not have occurred without climate warming".
The above studies are apparently contradicting, but Otto et al. (2012) discussed, using a large ensemble of AGCM simulations, that they each pointed out one side of a two-faced phenomenon. Namely, the Russian heat wave was internally generated in terms of magnitude, and externally forced in terms of occurrence-probability. However, their arguments are based mostly on statistics, so that the question of how the human activity increased the probability of Russian heat wave is still unclear. Further, their ensemble simulation was not able to reproduce the past interannual variability of SAT over western Russia, which weakens the robustness of their conclusion. While the July heat wave was tightly coupled with the blocking that is not well resolved with corase resolution AGCMs, the August heat wave was similarly extreme but less affected by the blocking, enabling to obtain a more robust attribution.
In this study, we attempt to attribute the 2010 August SAT anomaly over Eurasia based on an AGCM experiment similar to that used in previous studies (Dole et al. 2011; Otto et al. 2012 ), but with emphasis on the physical processes responsible for changing the probability of occurrence of the heat wave. correlation coefficients are generally higher near the coast, where the SST anomaly will have greater impact. Over central Eurasia, partly overlapping the target region of this study, r is weak and negative in some places. The overall pattern and magnitude of the correlation do not change when the data have been de-trended. The Russian heat wave in 2010 lasted for about a month with its peak around August 8 and a decay afterwords (Matsueda 2011 ). Yet, the monthly mean SAT anomaly exceeds 5.9 K in August and accompanies a positive 500 hPa geopotential height (Z500) anomaly aloft (Fig. 2a) . When western Russia is defined, as shown by a box in Fig. 2a , the regional SAT anomalies are reproduced by the 10-member ensemble to a certain degree (Fig. 2b) . The regional SAT variability since 1961 contains a secular upward trend (see also the horizontal maps in Fig. S2 ), which also increases r from 0.44 to 0.65. However, several large anomalies such as that in 2010 are out of the ensemble spread, and indeed the ensemble mean SAT anomaly pattern for August 2010, obtained from the 100-member F run, does not resemble the observed pattern ( Fig. 
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Methodology
We use an atmospheric component model from the Model for Interdisciplinary Research on Climate version 5 (MIROC5), with the standard resolution of T85L40 (Watanabe et al. 2010) . MIROC5 is one of the Coupled Model Intercomparison Project phase 5 (CMIP5) models, with which a variety of climate simulations for the 20th and 21st centuries have been carried out (Taylor et al. 2012) .
A 10-member ensemble of the Atmospheric Model Intercomparison Project (AMIP)-type experiment was made for 1949− 2011, driven by observed SST, sea ice concentration (Rayner et al. 2003) , and historical anthropogenic and natural external forcing agents. The probability of occurrence for the Russian heat wave is then evaluated by increasing the ensemble size to 100 only for 2009−2011; this 100-member ensemble is referred to as the factual experiment, or the F run. In order to assess the influence of the anthropogenic effect, a 100-member ensemble is replicated with modified boundary conditions, removing possible human-induced components. This ensemble is called the counter-factual experiment, or the CF run. The anthropogenic change in SST was estimated by applying a spatio-temporal smoothing to the historical attribution experiment using the MIROC3.2 atmosphere-ocean model (Nozawa et al. 2005 ) (see Shiogama et al. 2013 and also Fig. S1 of the auxiliary material). The anthropogenic change in sea ice was estimated using empirical relationships between SST and sea ice concentration following Pall et al. (2011) .
We also use observational data for SAT and atmospheric fields; the former is derived from the GISS Surface Temperature Analysis (GISTEMP) version 2, recently updated (Hansen et al. 2010) , while the latter are adopted from the Japanese 25-yr reanaly sis (JRA-25) (Onogi et al. 2007 ). The GISTEMP data have 2° × 2° resolution for 1880−2012, and the JRA-25 data are provided on a regular 1.25° × 1.25° grid for 1979−2011.
Time evolution of the blocking episodes associated with the heat wave may better be captured using daily data, but here we use monthly fields since the Russian heat wave was extremely persistent and therefore recognized in monthly SAT (Otto et al. 2012) . Anomalies were analyzed after monthly climatology for 1981−2010 was subtracted.
Results
The extent to which the past interannual variability can be reproduced by the model is first examined with a simple correlation (r) of monthly SAT anomalies for 1979−2011 between the GISTEMP data and the 10-member ensemble of the MIROC5 AGCM (Fig. 1) . Over many continental regions, the model ensemble average is positively correlated with observations, significant at the 95% level (| r | ≥ 0.34), both in January and July. The It is intriguing that the ensemble spread is largest over western Russia (contours in Fig. 2d , see also individual members in Fig.  S3 ), where the second leading empirical orthogonal function (EOF), accounting for 15.7% of the total variance to the intraensemble SAT anomalies, has a center of action (shading in Fig.  2d ). This indicates that the origin of the heat wave was atmospheric internal fluctuation, consistent with Dole et al. (2011) . The first EOF (16.6%) shows positive and negative maxima to the east and west of western Russia, and the associated Z500 patterns suggest that a particular phase of the zonally oriented wave train favored the Russian heat wave.
By means of the histogram and the probability density function (PDF) for western Russian SAT anomalies, we evaluate the anthropogenic effect on the occurrence of the heat wave (Fig.  3a) . With respect to the climatological distribution (black curve), both F and CF runs generate PDFs shifted toward a warmer state in August 2010. Even without the human-induced change in SST and sea ice, warming in western Russia tended to occur probably due to La Niña SST anomalies (Shubert et al. 2002; Hoerling et al. 2001) . However, the probability of occurrence for the observed SAT anomaly (triangle in Fig. 3a) was 0.6% in the CF run, not very different from the climatology. Incorporating the anthropogenic component into the boundary conditions further shifts the mean position (from 0.56 to 1.0 K) as well as widening the PDF, leading to an increase in the probability of occurrence for the observed heat wave to 3.3%. This probability increase has been emphasized by Rahmstorf and Coumou (2011) . We also confirmed that the above numbers for the probability of occurrence are robust with the ensemble size of more than 80.
The question of how the anthropogenic changes in SST (overall warming, see Fig. S1 ) and sea ice have modulated the PDF is examined by comparing the SAT and atmospheric circulation between F and CF runs (Figs. 3b, c) . In the F run, surface warming occurs over Northern Africa, the Middle East, and polar regions (Fig. 3b) . A similar warming pattern is obtained in the AMIP experiment with uniform increases in SST by 4 K (cf. Taylor et al. 2012 ) except for in the polar region. This indicates that the polar warming is due to reduction in summer sea ice. Low-latitude warming is seen in the semi-arid regions, consistent with a drying associated with a wet-gets-wetter mechanism (Held and Soden 2006) acted to warm the surface.
Western Russia is warmed more than the other areas in the mid-latitudes, reflected by the warming of the lower troposphere, which is attributable to warm advection by the southerly wind anomalies in the lower troposphere, accompanied by a weak high pressure anomaly over central Eurasia (Fig. 3c) . This is caused by changes in the tropical precipitation, especially over the Atlantic, Africa, and the Indian Ocean (Fig. S4 ).
Concluding discussion
We examined the attribution of the August 2010 SAT anomaly associated with the extremely strong heat wave over western Russia using MIROC5 AGCM factual/counter-factual experiments. Our results basically support the argument by Otto et al. (2012) who have put apparently contradicting conclusions by Dole et al. (2011) and Rahmstorf and Coumou (2011) into context. Namely, the Russian heat wave was generated mainly due to natural variability in terms of its magnitude, while the occurrence frequency for such an intense heat wave has been increased by human-induced warming of the ocean surface. Further, we examined the structure and causes of the anthropogenically forced atmospheric response which has favorably modified the PDF of SAT anomalies over western Russia.
Attribution should not depend on experimental design. In reality, however, biases in the estimate of the attributable component may result from several factors, such as the design of counter-factual experiments and the reproducibility of events in factual experiments. The former contains uncertainty associated with the pattern of human-induced SST changes, whereas the latter is related to the model error and the way in which the model is constrained with observations. For example, we have not presented the attribution of the July heat wave because the F runs did not well reproduce the past July SAT variability over a smaller area of 35°E−55°E, 50°N−60°N (r = 0.36, similar to Otto et al. 2011) partly due to failure of intense blocking events in the model.
In the present study, we have not prescribed the soil fields, which may be partly responsible for a large spread of SAT anomalies over the continent (Fig. 2d) . The Russian heat wave in 2010 was accompanied by a dry land surface (European Space Agency, http://www.esa-soilmoisture-cci.org/), which is actually seen in those model members showing extremely high SAT anomalies (Fig. 4a) . A warmer surface will favor drier soil due to increased evapotranspiration, but the opposite relationship may prevail if an anomalous soil condition preceded the summer event (Fischer et al. 2007 ). In the MIROC5 AGCM ensemble, the soil moisture anomalies appeared first in the spring of 2010 and probably worked to amplify the summer SAT anomaly (Fig. 4b) . Thus, factual experiments constrained not only by observed SST and sea ice but also by soil conditions will improve the skill of the model to reproduce observed SAT anomalies over the far inland areas (Fig. 1) .
Furthermore, recent satellite data suggest a long-term decrease in soil moisture over central Eurasia (Dorigo et al. 2012) . If such drying is robust and partly attributed to global warming, counter-factual experiments representing the human-induced change in soil wetness may reveal a further increase of risk for the 2010 Russian heat wave. Also, effects of individual anthropogenic forc- ings (GHG, aerosols, land use etc) should be isolated by repeating counter-factual experiments. These extensions of the attribution experiments are currently planned and will be a future investigation. ) in August 2010, obtained from the difference between 10 members showing the warmest and coolest temperature anomalies over western Russia in the 100-member ensemble. The shading denotes the composite difference significant at the 95% level. (b) Time evolution of the composite anomalies in soil moisture associated with the largest (red) and smallest (blue) warming in August, imposed on the ensemble average (black) and its spread (shading).
